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Abstract
Neural crest cells are multipotential progenitors that contribute to various cell and tissue types during embryogenesis. Here, we have
investigated the molecular and cellular mechanism by which the fate of neural crest cell is regulated during tooth development. Using a two-
component genetic system for indelibly marking the progeny of neural crest cells, we provide in vivo evidence of a deficiency of
CNC-derived dental mesenchyme in Msx1 null mutant mouse embryos. The deficiency of the CNC results from an elevated CDK inhibitor
p19INK4d activity and the disruption of cell proliferation. Interestingly, in the absence of Msx1, the CNC-derived dental mesenchyme
misdifferentiates and possesses properties consistent with a neuronal fate, possibly through a default mechanism. Attenuation of p19INK4d
in Msx1 null mutant mandibular explants restores mitotic activity in the dental mesenchyme, demonstrating the functional significance of
Msx1-mediated p19INK4d expression in regulating CNC cell proliferation during odontogenesis. Collectively, our results demonstrate that
homeobox gene Msx1 regulates the fate of CNC cells by controlling the progression of the cell cycle. Genetic mutation of Msx1 may
alternatively instruct the fate of these progenitor cells during craniofacial development.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Vertebrate neural crest cells are a progenitor cell popu-
lation that arise from the neural folds of the developing
embryo and give rise to a diverse array of structures during
embryogenesis. Recent studies have significantly advanced
our understanding of how this important population of plu-
ripotent cells is initially established, and how genetic and
epistatic mechanisms mediate their subsequent lineage seg-
regation, proliferation, differentiation, and final contribution
to a particular cell type (LaBonne and Bronner-Fraser, 1999).
Cranial neural crest (CNC) cells migrate ventrolaterally
as they populate the branchial arches during craniofacial
development. The proliferative activity of these CNC cells
produces the discrete swellings that demarcate each
branchial arch. Both intrinsic and extrinsic regulatory sig-
nals are critical for the proper migration and proliferation of
this CNC cell population. Following proper epithelial–mes-
enchymal interactions, postmigratory CNC cells differenti-
ate into multiple phenotypes and contribute to the formation
of various head and neck structures. Growth and transcrip-
tion factors (such as BMP, TGF-, FGF, Hox, Msx, and
Pax) have been implicated during the specification and fate
determination of neural crest cells (Garcia-Castro and Bron-
ner-Fraser, 1999; Le Douarin and Kalcheim, 1999; Chris-
tiansen et al., 2000).
The CNC-derived ectomesenchyme contributes signifi-
cantly to tooth morphogenesis. When tooth development is
initiated with the formation of the dental lamina, its under-
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lying mesenchyme is almost entirely populated with CNC-
derived cells (Chai et al., 2000). As the tooth germ develops
from the bud to cap stage, CNC-derived cells are concen-
trated at the interface with the dental epithelium, suggesting
a critical function of CNC cells in epithelial–mesenchymal
interactions during tooth germ development. At the cap
stage, the dental epithelium forms an aggregated cell mass
(the enamel knot) which serves as a signaling center to
guide cusp formation. As tooth development advances from
the cap to the bell stage, the CNC-derived dental mesen-
chyme and the inner dental epithelium begin to terminally
differentiate into the pre-odontoblast and pre-ameloblast,
respectively. Ultimately, CNC-derived dental mesenchyme
contributes to the formation of dentine, pulp, cementum,
and periodontal ligaments, while the dental epithelium
forms enamel (Chai et al., 2000; for review, see Tucker and
Sharpe, 1999; Jernvall and Thesleff, 2000).
The homeobox gene Msx1 is highly conserved among
various species and functions as a transcriptional regulator
that controls organogenesis. Msx1 is specifically expressed
in CNC cells at the onset of migration and plays a critical
role in regulating epithelial–mesenchymal interactions dur-
ing craniofacial development (Hill et al., 1989; Robert et al.,
1989; Lyons et al., 1992; MacKenzie et al., 1991a,1991b,
1992). Targeted null mutation of Msx1 results in multiple
craniofacial abnormalities that include arrested tooth devel-
opment at the bud stage, small mandible, and cleft palate
with 100% phenotype penetrance (Satokata and Maas,
1994). Recent studies suggest that Msx1 may regulate pro-
liferation, differentiation, and apoptosis of progenitor cells
during embryogenesis (Akimenko et al., 1995; Simon et al.,
1995; Odelberg et al., 2000; Hu et al., 2001; Gomes and
Kessler, 2001; Zhang et al., 2002). To date, however, little
is known about how Msx1 may regulate the fate of CNC
cells during tooth development.
Using a two-component genetic system (Wnt1-cre/R26R)
for indelibly marking the progeny of CNC cells (see Chai et
al., 2000), we have investigated the biological mechanism
by which the Msx1 gene regulates the fate of CNC cells
during tooth morphogenesis. Our study shows that Msx1 is
critical for proper proliferation of CNC cells in the dental
mesenchyme. Specifically, Msx1 functions to inhibit the
expression of CDK inhibitor (p19INK4d), thus facilitating
cell cycle progression. Loss of Msx1 results in elevated
p19INK4d expression and significant reduction of CNC cell
proliferation in the dental mesenchyme. Additionally, the
Msx1-deficient CNC-derived dental mesenchyme misdiffer-
entiates and possesses properties consistent with a neuronal
fate, possibly through a default mechanism. Attenuation of
p19INK4d in Msx1 null mutant mandibular explants restores
proliferative activity in the dental mesenchyme. We propose
a model in which the homeobox gene Msx1 inhibits
p19INK4d expression in order to prevent CNC cells from
exiting the cell cycle, thereby inhibiting terminal differen-
tiation of progenitor cell populations. This study represents
a significant step toward understanding the molecular reg-
ulation of CNC fate determination during craniofacial de-
velopment.
Materials and methods
Animals and tissue preparation
All animals used in this study were maintained in a
C57BL/6J background. We first crossed either Wnt1Cre or
R26R transgenic mice with Msx1 heterozygous mutants to
generate mice carrying Wnt1CreTg//Msx1/ or R26RTg//
Msx1/, respectively. Upon crossing Wnt1CreTg//
Msx1/ with R26RTg//Msx1/ mice, we generated Msx1
null mutants carrying the Wnt1Cre/R26R transgene, which
allowed us to follow the progeny of CNC cells indefinitely.
Embryonic age was determined with noon of the day of plug
observation as E0.5. External staging was used to define
embryonic development according to the number of somite
pairs (Theiler, 1989). Genotyping of the Msx1 mutant em-
bryos carrying the Wnt1Cre/R26R transgene was done as
previously described (Satokata and Maas, 1994; Soriano,
1999; Chai et al., 2000).
Detection of -galactosidase (lacZ) activities
Whole embryos (E9.5 and E10.5) were stained for -ga-
lactosidase activity according to standard procedures. Em-
bryos were fixed for 20 min at RT in 0.2% glutaraldehyde
in PBS. Fixed embryos were washed three times in rinse
solution (0.005% Nonidet P-40 and 0.01% sodium deoxy-
cholate in PBS) and stained overnight at room temperature
using standard staining solution (5 mM potassium ferricya-
nide, 5 mM potassium ferrocyanide, 2 mM MgCl2, 0.4% X-
gal in PBS). The next morning, samples were rinsed twice
in PBS and postfixed in 3.7% formaldehyde. Then, the
embryos were sectioned to observe lacZ expression at the
cellular level. Sections were cut at 10-m thickness and
counter-stained with Nuclear Fast Red.
Cryostat sectioning and X-gal staining
Mouse embryonic tissue was frozen, sectioned, and
stained according to standard procedures. Specifically,
mouse tissue was dissected in PBS and fixed by immersion
in 0.2% glutaraldehyde solution for 30 min at RT. Tissue
was soaked in 10% sucrose in PBS for 30 min at 4°C,
incubated in PBS plus 2 mM MgCl2, 30% sucrose, and 50%
OCT at 4°C for 2 h, then frozen in OCT. Sections were cut
at 10–20 m thickness and mounted on polylysine-coated
slides. The mounted tissue sections were fixed in 0.2%
glutaraldehyde for 10 min on ice, rinsed briefly in PBS, and
rinsed in detergent solution (0.005% NP-40 and 0.01%
sodium deoxycholate in PBS) for 10 min at 4°C. Thereafter,
the slides were washed in PBS for 10 min and stained in
X-gal staining solution overnight at room temperature in the
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dark. Sections were counter-stained with Nuclear Fast Red
and eosin.
BrdU labeling for cell proliferation analysis
BrdU was injected into the pregnant mouse (100 g/g of
body weight, intraperitoneal injection) 2 h prior to harvest-
ing embryos. Two adjacent sections were mounted on two
different slides and processed separately, one for -galac-
tosidase staining and the other for BrdU staining (Chai et
al., 1999, 2000). By superimposing these two adjacent sec-
tions, we were able to evaluate the proliferative activity of
CNC cells. BrdU-labeled cells and the total number of cells
within the dental mesenchyme (counting five cellular layers
from basement membrane of dental epithelium) were
counted from five randomly selected sections per sample.
Three samples were evaluated from each experimental
group (wild type vs. Msx1 null mutant). On average, 500–
1100 dental mesenchyme cells were counted per sample.
CNC cell proliferation indices were generated for statistical
analysis. A difference was considered statistically signifi-
cant if the P value was less than 0.05 (P  0.05).
TUNEL assay for apoptosis analysis
TUNEL analysis was performed on paraffin sections by
using the In Situ Cell Death Detection (Fluorescein) Kit
(Roche Molecular Biochemicals) by following the manu-
facturer’s protocol. A positive control slide was prepared by
nicking DNA with DNase I, while sham staining was per-
formed by substituting distilled water for TdT as a negative
control.
Western analysis
Partial mandibular explants containing tooth germs were
collected at E13.5 and E14.5. The total protein concentra-
tion of each mandibular sample was determined by com-
parison to bovine serum albumin standards. Seventy-five
micrograms of total protein from each sample was loaded in
each well of a 12% polyacrylamide gel. Western analysis
was done as previously described (Chai et al., 1999). Spe-
cifically, electrophoresis was carried out in a modular mini-
Protean II electrophoresis system (Bio-Rad, Hercules, CA).
Protein was then transferred to a Millipore Immobilon-P
membrane by using a Bio-Rad mini-trans-blot electro-
phoretic transfer cell. Equal transfer efficiency was con-
firmed by Coomassie blue staining. Various antibodies used
for Western analysis are specified below. Bovine serum
albumin was used as a negative control and was not recog-
nized by any of the antibodies tested.
Immunohistochemistry
Section immunohistochemistry was performed by stan-
dard procedures (Chai et al., 1999). Tissue sections were cut
at 5 m and mounted onto slides coated with Histostick
(Accurate Chemical and Scientific Co., New York). The
following antibodies were used with the specific dilutions
indicated: anti-BrdU (1:100, mouse monoclonal antibody;
Sigma), anti-Neurogenin1 (1:100, rabbit polyclonal anti-
body; Abcam Ltd.), anti--tubulin III (1:100, mouse mono-
clonal antibody; CHEMICON, Temecula, CA). From Santa
Cruz Biotechnology (Santa Cruz, CA), we obtained the
following antibodies: anti-cyclin A (rabbit polyclonal anti-
body, 1:100), anti-cyclin D1 (mouse monoclonal antibody,
1:200), anti-cyclin E (mouse monoclonal antibody, 1:100),
anti-Cdk6 (rabbit polyclonal antibody, 1:100), anti-
p19INK4d (mouse monoclonal antibody, 1:100), anti-p21
(goat polyclonal antibody, 1:100), anti-p57 (goat polyclonal
antibody, 1:100), anti-Rb (mouse monoclonal antibody,
1:100), anti-phospho-Rb (rabbit polyclonal antibody,
1:100). From Transduction Laboratories (BD Biosciences,
San Jose, CA), we obtained the following antibodies: anti-
Cdk2 (mouse monoclonal antibody, 1:100), anti-Cdk4
(mouse monoclonal antibody, 1:100), anti-p130/Rb2
(mouse monoclonal antibody, 1:100). The secondary anti-
body was provided in Zymed immunostaining kit (www.
zymed.com). Positive staining was indicated by orange-red
coloration. The slides were counter-stained with hematox-
ylin.
Antisense experiments
p19INK4d antisense oligodeoxynucleotides (ODNs) 5-
GTCGCCGACGCAGA-3 and sense ODNs 5-TCT-
GCGTCGGCGAC-3 were synthesized by the USC/Norris
Comprehensive Cancer Center Microchemical Core Facil-
ity. The antisense ODN was designed to surround the trans-
lation initiation site. The first three and the last three bases
in each ODN sequence were modified by phosphorothion-
ation to improve stability against nuclease degradation in
culture. The sequences of other ODNs used in this study are
available upon request. Antisense and sense ODNs were
added into E12.5 mandibular explant cultures, along with a
serumless, chemically defined medium, to a final concen-
tration of 30 M, a concentration known to be effective in
the organ culture system (Chai et al., 1994, 1999). ODNs in
fresh medium were replaced every other day. Mandibular
organ culture was terminated after 3 days in vitro, and six
explants in each experimental group were analyzed.
Results
CNC cell migration is normal in Msx1 null mutant
embryos
In Msx1//Wnt1-Cre/R26R mutant embryos, CNC cells
migrated into and populated the mandibular prominence (as
indicated by -gal staining; Fig. 1B, arrow) at E9.5. The
pattern of CNC cell distribution in Msx1 null mutant em-
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bryos was identical to that in wild type controls (Fig. 1A,
arrow). These E9.5 wild type and Msx1 null mutant em-
bryos were littermates and contained the same number of
somite pairs (28–29). Thus, we concluded that these em-
bryos were at the equivalent developmental stage and that
there was no delay in CNC cell migration during the first
branchial arch development in Msx1 null mutants. Further-
more, there was no apparent difference in the number of
CNC cells [-gal positive (blue) cells] populating the first
branchial arch between the wild type and Msx1 null mutant
embryos (Fig. 1A and B, inserts).
Similarly, at E10.5, Msx1//Wnt1-Cre/R26R mutant
embryos did not show any alteration in the pattern of CNC
cell distribution when compared with wild type controls
(Fig. 1C and D). In particular, both maxillary and mandib-
ular prominences were populated with CNC-derived cells.
The frontonasal prominence was also well populated with
CNC derivatives in both the wild type and Msx1 null mutant
embryos. To further evaluate the distribution of CNC cells
within the craniofacial region, we examined the number of
CNC cells on cross sections. The distribution pattern of
CNC cells in the wild type control was identical to the one
in the Msx1 null mutant embryo and was consistent with
their critical role in regulating epithelial–mesenchymal in-
teraction during early craniofacial development (Fig. 1E
and F). Collectively, our data suggested that loss of Msx1
function did not affect the proper migration of CNC cells
during early first branchial arch development.
Msx1 is critical for proper proliferation of CNC-derived
dental mesenchyme
To test whether the Msx1 null mutation results in a
deficiency of CNC cells within the odontogenic mesen-
chyme, we compared the fate of CNC cells between control
and Msx1//Wnt1-Cre/R26R mutant embryos. Morpholog-
ical analysis revealed that there was no difference in con-
densation of CNC-derived mesenchymal cells under the
forming dental lamina between Msx1 mutant and wild type
littermates at E12.5 (data not shown). A possible reduction
in the CNC-derived odontogenic mesenchyme (condensed
dental follicle) was first observed at the bud stage in the
Msx1 mutant when compared with that of wild type litter-
mate at E13.5 (Fig. 2A and B). Cell proliferation analysis
indicated a moderate reduction in CNC cell proliferation
activity in the dental mesenchyme of Msx1 mutants (Fig.
2D). At E14.5, normal tooth development had reached the
cap stage, with the CNC-derived ectomesenchyme contrib-
uting significantly to the formation of the dental mesen-
chyme and sac (Fig. 2E). In Msx1 null mutants, however,
tooth development was arrested at the bud stage, and there
was a significant reduction of CNC cells in the dental
mesenchyme (Fig. 2F). Furthermore, the dental sac, which
defines the boundary of the tooth organ, failed to form (Fig.
2F). By evaluating the adjacent sections of Fig. 2E and F,
our study showed that the deficiency of CNC cells in the
dental mesenchyme resulted from a significant reduction (P
 0.05) of CNC cell proliferation (BrdU-positive CNC
cells/total number of CNC-derived cells in the dental mes-
enchyme) in the Msx1 mutant (11%) as compared with the
high CNC proliferative activity in the control (31%) (Fig.
2G and H). Interestingly, cell proliferative activity within
the dental epithelium was comparable between Msx1 null
mutant and wild type littermates, indicating that inactivation
of the Msx1 gene did not directly affect the proliferation of
the dental epithelium.
At E18.5, tooth development in the wild type tooth
germs had advanced well into the late bell stage with dense
CNC cells adjacent to the inner enamel epithelium (Fig. 2I).
The alveolar bone of the mandible derives from the dental
sac mesenchyme (Palmer and Lumsden, 1987), and is
densely populated with CNC-derived cells. In wild type
samples, the alveolar bone had extended upward to enclose
the tooth germ (Fig. 2I). In Msx1 null mutants, however,
there was no condensation of the CNC-derived dental mes-
enchyme adjacent to the retarded bud-stage dental epithe-
Fig. 1. Comparison of CNC-cell migration between wild type and Msx1
null mutant mice during craniofacial development. (A) At E9.5, CNC cells
have populated the first branchial arch (arrow) and the frontonasal prom-
inence (fn), as indicated by positive -gal staining (blue color), in the wild
type control. (Inset) Cross-section of the first branchial arch with CNC-
derived cells in blue. (B) In the Msxl null mutant, identical distribution of
CNC cells is present in the first arch (arrow) and in the craniofacial region
of the Msxl null mutant mice. (Inset) Cross-section of the first arch. (C) At
E10.5, the first branchial arch has divided into the mandibular arch (arrow)
and maxillary arch (double arrow) in the control sample. CNC cells have
populated the frontonasal region (fn) and the first arch derivatives. (D) In
the Msx1 null mutant, identical distribution of postmigratory CNC cells is
observed. (E, F) Cross-section of the first arch does not show any differ-
ence in the number of CNC-derived cells (arrow) between the wild type (E)
and Msx1 null mutant (F).
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lium (Fig. 2J). The formation of the mandible had pro-
ceeded with the fusion of CNC-derived osteogenic front
under the tooth bud, without enclosing the tooth organ. At
birth, both pre-ameloblasts and CNC-derived pre-odonto-
blasts were present in wild type tooth germs (Fig. 2K).
Mandibular osteogenesis was well underway with the os-
teogenic front enclosing the tooth germ. In Msx1 mutants,
tooth development was arrested at the bud stage and there
were virtually no CNC-derived cells adjacent to the dental
epithelium (Fig. 2L). The mandible had formed under the
retarded tooth germ.
Loss of Msx1 and the apoptotic activity within dental
mesenchyme and epithelium
To investigate whether Msx1 is critical for the survival of
the CNC-derived dental mesenchyme, we have compared
the apoptotic activity between wild type and Msx1 mutant
tooth germs. At E12.5 and E13.5, there was no apoptotic
activity detected in the dental mesenchyme of either wild
type or Msx1 null mutant samples (Fig. 3A and B; and data
not shown). At E14.5 or E16.5, there were very few
apoptotic cells in the CNC-derived dental mesenchyme in
the wild type samples (Fig. 3C and F). In the Msx1 mutant
dental mesenchyme, there was no apparent cell death at
E14.5 and E16.5 (Fig. 3D and E). An increased apoptotic
activity was only observed at birth (Fig. 3G). In conjunction
with our cell proliferation analysis (Fig. 2), we concluded
that the loss of the CNC-derived dental mesenchyme ob-
served at E14.5 was primarily due to a cell proliferation
defect and was not the result of increased cell death in Msx1
null mutants. There were few apoptotic cells in the dental
epithelium in the wild type sample (Fig. 3A, C, and F),
which was consistent with previously reported data on ap-
optosis in the developing tooth germ (Vaahtokari et al.,
1996). In Msx1 mutant mice, however, there was signifi-
cantly increased cell death within the center portion of the
dental epithelium. In particular, apoptotic cells were present
in the upper part of the dental epithelium at E14.5, in its
middle portion at E16.5, and in its bottom part at birth (Fig.
At E18.5, tooth development is at the late bell stage. CNC-derived pre-
odontoblasts are adjacent to the inner enamel organ epithelium (arrow).
Mandibular development shows that the CNC-derived cells (double arrow)
of the dental sac are forming the alveolar bone to enclose the tooth organ.
(J) In the Msx1 null mutant, the tooth germ remains at the bud stage with
diminishing CNC-derived cells (*) surrounding the tooth bud (tb). Alveolar
bone fails to form, possibly due to the lack of guidance from CNC-derived
dental sac. The upper boundary of the mandible (double arrow) is formed
without including the tooth germ. (K) At birth, tooth germs shows non-
CNC derived pre-ameloblasts (Amel) and CNC-derived pre-odontoblasts
(Odont). The osteogenic front of the developing alveolar bone (double
arrow) is in the process of enclosing the tooth germ. (L) In the Msx1 null
mutant, there are very few CNC-derived cells surrounding the remnant of
tooth bud (tb), as compared to the tooth germ in (K). CNC-derived cells
contribute to the upper boundary of the mandible (double arrow), without
enclosing the tooth germ.
Fig. 2. Comparison of the fate of CNC cells during tooth morphogenesis
between wild type and Msx1 null mutant mice. (A) At E13.5, tooth
development has reached the bud stage (tb). The condensed dental mes-
enchyme is largely populated with CNC-derived cells (arrow). (B) Msx1
null mutant embryo shows a bud stage tooth organ (tb) with compromised
CNC condensation in the dental mesenchyme (arrow). (C, D) Cell prolif-
eration analysis using BrdU staining (red dots) on adjacent sections of (A)
and (B) respectively. Notice the reduction of CNC-derived cell prolifera-
tion activity in the dental mesenchyme of the Msx1 mutant (*). The dotted
line shows the dental epithelium. (E) At E14.5, a cap stage tooth organ is
present with mostly CNC-derived cells in the dental papilla (*). The dental
sac is well defined by CNC- derived cells (arrow). (F) In Msx1 null mutant,
tooth formation fails to advance to the cap stage. There is deficiency and
failure of condensation in CNC-derived dental mesenchyme. (G, H) Cell
proliferation analysis on adjacent sections of (E) and (F), respectively. (I)
187J. Han et al. / Developmental Biology 261 (2003) 183–196
3D, E, and G), suggesting that a Msx1-mediated down-
stream gene, possibly a growth factor, is critical for the
survival of the dental epithelium.
Misdifferentiation of CNC-derived dental mesenchyme in
Msx1 null mutant embryos
Msx1 is known to play a pivotal role in maintaining
progenitor cells in an undifferentiated state and expression
ceases in terminally differentiated cells (Akimenko et al.,
1995; Simon et al., 1995; Odelberg et al., 2000). If Msx1 is
required for maintaining CNC cells in an undifferentiated
state, Msx1 mutants should exhibit a defect in CNC differ-
entiation. Thus, we have investigated the differentiation
status of the CNC-derived dental mesenchyme in Msx1
mutants. The expression of -tubulin III has been success-
fully used for monitoring neuronal precursors as they dif-
ferentiate into mature neurons (Brazelton et al., 2000; Piper
et al., 2001). Here, in Msx1 mutants, -tubulin III expres-
sion was evident under the retarded tooth bud, indicating
that CNC-derived cells in the dental mesenchymal region
possessed properties consistent with a neuronal fate (Fig.
4B). In E14.5 wild type embryos, the CNC-derived dental
mesenchyme was completely -tubulin III negative within
the dental sac, indicating that CNC cells had been specified
to form the odontogenic mesenchyme (Fig. 4A). Interest-
ingly, there were -tubulin III-positive cells outside the
dental sac in the wild type embryos (Fig. 4A). This was
likely due to the fact that undifferentiated CNC cells might
cross react with the -tubulin antibody (Memberg and Hall,
1995). To verify that the CNC-derived dental mesenchyme
indeed possessed some neuronal character in Msx1 null
mutants, we performed a cell differentiation marker analysis
by using an antibody against Neurogenin1. Neurogenin1
belongs to the basic helix–loop–helix (bHLH) group of
transcription factors and functions as a proneural gene (Ma
Fig. 4. Msx1 null mutation results in mis-differentiation of CNC-derived
dental mesenchyme. (A) At E14.5, -tubulin III is not expressed in the
CNC-derived dental mesenchyme (dm), indicating the proper differentia-
tion of these CNC cells into odontogenic mesenchyme in the control.
(arrow and dotted line) boundary of the dental sac. (B) In Msx1 null
mutant, -tubulin III expression is strong in the dental mesenchyme (*),
suggesting misdifferentiation with some neuronal character. (C) Neuroge-
nin1 (Ngn1) is not detectable within the tooth germ in the wild type control.
(D) In Msx1 null mutant, neurogenin1 is strongly expressed within the
CNC- derived dental mesenchyme (*), suggesting a misdifferentiation of
these CNC cells which exhibit some neuronal character.
Fig. 3. Loss of Msx1 and the apoptotic activity within the tooth germ. (A)
At E12.5, tooth development has initiated with the formation of the dental
lamina (double arrow). There is no apparent apoptotic activity within the
dental mesenchyme. (B) In the Msx1 null mutant, there is no alteration of
apoptotic activity in the tooth germ when compared to the one in the wild
type control. (C) At E14.5, tooth development has reached the cap stage in
the control. There is no active cell death (single arrow) in either the enamel
organ epithelium (e) or dental mesenchyme (dm). (D) In the Msxl null
mutant, active apoptotic signals are present in the upper part of enamel
organ epithelium (arrow). (E) Active cell death is observed in the middle
of the enamel organ epithelium in Msx1 mutants at E16.5. (F) At E16.5, no
obvious apoptotic signals are associated with CNC-derived dental mesen-
chyme in the control tooth germ. See (A) for label legend. (G) At birth,
apoptotic signals (arrow) are present both in the enamel organ epithelium
and the CNC-derived dental mesenchyme (*).
188 J. Han et al. / Developmental Biology 261 (2003) 183–196
et al., 1999). Loss of Neurogenin1 function results in failure
of neurogenesis, while misexpression of Neurogenin1 in-
duces ectopic neuron formation, demonstrating the critical
function of this gene in inducing progenitor cells into a
neural fate (Ma et al., 1998; Olson et al., 1998). Here, we
found that the CNC-derived dental mesenchyme was posi-
tive for Neurogenin1 expression in Msx1 mutants, whereas
there was no Neurogenin1 expression in the wild type dental
mesenchyme (Fig. 4C and D). Thus, two independent mark-
ers indicated that the CNC-derived dental mesenchyme had
possibly assumed a neuronal fate in Msx1 mutants.
Msx1 is critical for proper cell cycle progression of the
CNC-derived dental mesenchyme
Msx1 is specifically expressed in the CNC-derived dental
mesenchyme at the bud and cap stage of tooth development.
To test the hypothesis that Msx1 may maintain CNC cells as
progenitors by regulating cell cycle progression, we com-
pared the expression of different groups of cell cycle regu-
lators in the CNC-derived dental mesenchyme between the
wild type and Msx1 null mutant embryos. These experi-
ments revealed the biological function of Msx1 on cell cycle
regulators and provided an explanation on the cell prolifer-
ation defect within the CNC-derived dental mesenchyme of
Msx1 null mutants.
Msx1 generally functions as an inhibitor of mesenchymal
cell differentiation. We focused our analysis on cell cycle
regulatory genes that control the G1 to S phase transition
because normal cellular differentiation occurs as progenitor
cells exit the cell cycle during this phase (Sherr and Roberts,
1999; Harbour and Dean, 2000). Specifically, we evaluated
the effect of the Msx1 null mutation on the expression of G1
phase cyclins (cyclin D1, D2, D3, and cyclin E), S phase
cyclin (cyclin A), CDKs (CDK4, CDK6, and CDK2), cyclin-
dependent kinase inhibitors [both the cip (p21Cip1/Waf1,
p27Kip1, and p57Kip2) and ink (p18INK4c and p19INK4d) fam-
ilies], and the retinoblastoma genes [Rb, p107, and p130
(Rb2)].
From this analysis, we found that the Msx1 null mutation
resulted in significantly elevated expression of the CDK
inhibitor p19INK4d (Fig. 5) within the dental mesenchyme.
Specifically, p19 was detectable within the CNC-derived
dental mesenchyme in Msx1 mutants at E13.5 (Fig. 6B, red)
but was absent from that of wild type tooth organ (Fig. 6A).
As tooth development advanced into the cap stage in the
wild type samples at E14.5, p19 was not detectable in the
dental mesenchyme and sac (Fig. 6C). However, in the
Msx1 mutant, p19 was strongly expressed within the dental
mesenchyme (Fig. 6D), implicating high CDK inhibitor
activity in regulating the fate of these CNC-derived cells.
Next, elevated p19 expression might have affected Rb
protein phosphorylation because CDK inhibitors were re-
sponsible for inactivating retinoblastoma proteins by form-
ing a complex with cyclin/CDK. Thus, we examined and
compared the expression and phosphorylation of Rb pro-
teins of the wild type and Msx1 null mutant samples. At
E13.5, a noticeable reduction of phosphorylated Rb (phos-
pho-Rb) was observed within the Msx1 mutant dental mes-
enchyme as compared with that of the wild type control
(Fig. 6E and F). At E14.5, phospho-Rb was significantly
reduced in the dental mesenchyme of the Msx1 mutant (Fig.
6H). Meanwhile, phospho-Rb was detected throughout the
dental mesenchyme in the wild type control (Fig. 6G),
suggesting that proper phosphorylation of Rb was critical
for progression of the CNC-derived cell cycle and for the
advancement of tooth development from the bud to cap
stage. In addition, p130 was strongly expressed in the dental
mesenchyme of the Msx1 null mutant at E13.5 and E14.5
(Figs. 5, 6J and L), while it was excluded from both the bud
and cap stage dental mesenchyme and sac of the wild type
control (Fig. 6I and K). Thus, the elevated expression level
of Rb proteins, coupled with reduced phosphorylation, was
predicted to prevent CNC-derived dental mesenchymal cell
cycle progression from the G1 to the S phase and resulted in
reduced cell proliferation in the Msx1 mutant dental mes-
enchyme.
To further investigate cell cycle progression status, we
compared the expression of cyclin A, a S/G2 phase cyclin,
in the CNC-derived dental mesenchyme of Msx1 null mu-
tant and wild type samples. The cyclin A expression pattern
in the dental mesenchyme was comparable between the
Msx1 mutant and wild type control at E13.5 (Fig. 6M and
N). Significantly, there was a dramatic reduction in cyclin A
expression in the dental mesenchyme of the Msx1 mutant at
E14.5 (Fig. 6P), while it was strongly and widely expressed
in the CNC-derived dental mesenchyme of the wild type
tooth germ (Fig. 6O). The reduction of cyclin A expression
in the CNC-derived dental mesenchyme indicated failure of
cell cycle progression into the S phase, thus, leading to a
reduction in cell proliferation in Msx1 mutants. Cyclin A
was also expressed within the dental epithelium, with the
exception of the enamel knot, of the wild type tooth germ at
Fig. 5. Western analysis. Comparison of the expression of cell cycle
regulators in the tooth germ region of mandibular explants between the
wild type (WT) and Msx1 null mutant (Msx1/) samples at E13.5 and
E14.5.
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E14.5 (Fig. 6O). Interestingly, the enamel knot has been
implicated as a signaling center that has no proliferative
activity and is designated to go through apoptosis following
cusp induction (Vaahtokari et al., 1996; Jernvall et al.,
1998). Thus, the absence of cyclin A expression in the
enamel knot demonstrated that the proper expression of
cyclin A could be used as a reliable marker of uninterrupted
cell cycle progression during tooth morphogenesis.
Fig. 6. Comparison of the expression pattern of cell cycle regulators between wild type (WT) and Msx1 null mutant samples at E13.5 and E14.5. The dotted
line indicates the boundary of the dental sac. (A–D) p19INK4d expression is in red. tb, tooth bud. *, CNC-derived dental mesenchyme. Notice the persistent
p19INK4d expression in the dental mesenchyme of the Msx1 null mutant. (E–H) Compared with the ones in the control, pRb expression (arrow) is significantly
reduced in the CNC-derived dental mesenchyme of the Msx1 null mutant at both E13.5 and E14.5. (I–L) Rb2 expression is prominent in the dental
mesenchyme of the Msxl null mutant while it is barely detectable in the one of the control. (M–P) Cyclin A expression (red dot) is significantly reduced in
the CNC-derived dental mesenchyme of the Msx1 null mutant compared with the one in the control. ek, enamel knot. (Q–T) Cyclin D1 expression is
comparable in the dental mesenchyme of the wild type and the Msx1 null mutant.
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Recent studies suggest that Msx1 helps to maintain cy-
clin D1 expression and prevents progenitor cells from ex-
iting the cell cycle, thus inhibiting terminal differentiation
(Hu et al., 2001). In the Msx1 null mutant, however, the
expression of cyclin D1 was comparable to the wild type
control at both E13.5 and E14.5 (Figs. 5 and 6Q–T), sug-
gesting that CNC-derived dental mesenchymal cells were
able to enter the G1 phase. Examination of cyclin D2 and D3
also showed no difference between the wild type and Msx1
mutant (data not shown). The cell cycle regulatory activities
of different cyclins are determined through their specific
association with cyclin-dependent kinases (Sherr and Rob-
erts, 1999). In particular, CDK4 and CDK6 are associated
with cyclin D during the G1 phase, while CDK2 is mainly
associated with cyclins E and A during the S/G2 phase of
the cell cycle. The CDK inhibitors of the ink family bind to
CDK4 and CDK6 to prevent phosphorylation of the Rb
protein, thus disrupting cell cycle progression. Here, we
evaluated the expression of several CDKs in Msx1 mutant
dental tissues. No difference was detected between the wild
type and Msx1 mutant samples (Fig. 5; and data not shown).
Furthermore, the expression of other CDK inhibitors (p21,
p27, and p57) was also comparable between the wild type
and Msx1 mutant samples at both the bud and cap stages of
tooth morphogenesis (data not shown). Thus, elevated
p19INK4d expression appeared to be specifically associated
with the CNC-derived dental mesenchyme in Msx1 mutant
embryos.
Attenuation of p19INK4d expression in Msx1 null mutant
mandibular explants advances tooth development to the
early cap stage
To test the functional significance of Msx1-mediated
p19INK4d expression during tooth development, we designed
an experiment to attenuate p19INK4d expression within Msx1
mutant mandibular explants. Wild type E12.5 mandibular
explants (n 47) were cultured in a serum- free, chemically
defined medium for 3 days and formed the cap stage tooth
germ and dental follicle, while all Msx1 null mutant man-
dibular explants (n  16) showed tooth germs retarded at
the bud stage with 100% phenotype penetrance (Fig. 7A and
B). To attenuate p19INK4d expression, we cultured Msx1 null
mutant mandibular explants with an antisense oligode-
oxynucleotide (ODN). The efficiency of the antisense ODN
to attenuate p19INK4d expression was demonstrated by
Western analysis, in which the expression p19INK4d was not
detectable in the antisense ODN-treated mandibular ex-
plants while it was evident in the sense ODN-treated group
(Fig. 7, Western). The p19INK4d sense ODN-treated Msx1
null mutant mandibular explants (100%, n  17) showed
only the bud stage tooth germs (Fig. 7D). Significantly, 64%
of p19INK4d antisense ODN-treated Msx1 null mutant man-
dibular explants (18 out of 28 Msx1/ explants) showed
tooth development advanced into the early cap stage with
the formation of dental follicle, indicating that attenuation
of p19INK4d was able to partially rescue tooth development
in the context of Msx1 deficiency (Fig. 7C). In these rescued
tooth germs, dental mesenchymal cell proliferation rate was
restored back to normal compared with that of the wild type
control (Fig. 7E and G). In cultured Msx1/ mandibular
explants without p19INK4d antisense ODN treatment, how-
ever, dental mesenchymal cell proliferation rate remained at
a significantly reduced level (P  0.05; Fig. 7F). In addi-
tion, preliminary analysis of Msx1//p19INK4d/ double
mutant embryos also showed partially rescued tooth germ
development at the cap stage with condensed dental mes-
enchyme formation (Han et al., unpublished data). In order
to validate that the tooth development had been rescued to
the cap stage in p19INK4d antisense ODN-treated Msx1/
mandibular explants, we performed the cap stage tooth germ
gene expression analysis. Shh is specifically expressed in
the enamel knot of the cap stage tooth germ (http://bite-
it.helsinki.fi/). In cultured wild type mandibular explants,
Shh expression was detected in the enamel knot of the cap
stage tooth germ (n  8), while Shh expression was not
detected in p19INK4d antisense ODN-treated Msx1/ man-
dibular explants (n 6) (data not shown). Nevertheless, our
antisense rescue experiment clearly demonstrated the spec-
ificity and biological significance of Msx1-mediated
p19INK4d expression in regulating proliferation of the CNC-
derived dental mesenchyme during tooth morphogenesis.
In order to test the specificity of attenuation of p19INK4d
to rescue tooth development in the context of Msx1 defi-
ciency, we carried out additional antisense experiments to
attenuate the expression of other cell cycle regulators (p130,
p21, or p18INK4c) in cultured mandibular explants. Although
the expression of p130 was elevated in Msx1/ tooth
organ, attenuation of p130 in cultured Msx1 null mutant
mandibular explants was unable to advance tooth develop-
ment to the early cap stage or restore dental mesenchyme
proliferation activity (Fig. 7I). Similarly, attenuation of p21
or p18INK4c also failed to advance tooth development in the
context of Msx1 deficiency (Fig. 7J and K).
Discussion
Msx1 gene in regulating CNC migration and formation of
the CNC-derived dental mesenchyme
CNC cell fate determination is an important develop-
mental event because successful migration, proliferation,
and differentiation of these pluripotent cells are critical for
normal craniofacial development. Here, we have investi-
gated the molecular mechanism by which the Msx1 ho-
meobox gene regulates CNC cell proliferation, differentia-
tion, and ultimately specifies the fate of these progenitors
during tooth morphogenesis.
Although there is no CNC cell migration defect associ-
ated with the Msx1 null mutation, we propose that this is
likely due to functional compensation by the Msx2 gene,
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which has an overlapping expression pattern with Msx1
during early craniofacial development (Robert et al., 1989).
Our initial examination of Msx1/Msx2 double null mutant
embryos shows severe craniofacial defects (such as open
neural tube, small mandible, and maxilla) at E10.5 and
E11.5 (unpublished data), demonstrating the biological sig-
nificance of Msx1 and Msx2 in regulating the fate of CNC
cells during early craniofacial development. At birth, Msx1/
Msx2 double null mutant mouse embryos fail to form ossi-
fied craniofacial structures, such as the maxilla, mandible,
and calvaria, further demonstrating failure of development
of CNC-derived components in these Msx gene double null
mutant mice and providing supportive evidence for the Msx
gene functional redundancy theory (Chai et al., 2000; Sa-
tokata et al., 2000). Experiments are underway to examine
mouse embryos carrying the Msx1//Msx2//Wnt1Cre/
R26R mutation, which will provide information on CNC
migration status in these Msx gene double null mutant mice.
Alternatively, we are exploring whether there is an early
CNC proliferation defect that may result in CNC cellular
deficiency during craniofacial development in the Msx1/
Msx2 double null mutant embryo.
Tooth morphogenesis depends on continuous reciprocal
epithelial–mesenchymal interactions to determine tooth ini-
tiation sites, shape, and size. Msx1 is a key signaling me-
diator between the dental mesenchyme and epithelium dur-
ing tooth morphogenesis. In Msx1 null mutants, the dental
mesenchyme fails to condense at the bud and cap stage,
suggesting a possible CNC defect (Satokata and Maas,
1994). Here, we provide in vivo evidence that loss of Msx1
inhibits CNC-derived dental mesenchymal cell prolifera-
tion. There are an insufficient number of these cells to
support the advancement of tooth development from the bud
to the cap stage. Significantly, the expression of Msx1 is
Fig. 7. Attenuation of p19INK4d expression rescues tooth development to the cap stage in the Msx1 null mutant mandibular explant. (A) E12.5 wild type
mandibular explants cultured for 3 days form the cap stage tooth germ. tb, enamel organ epithelium. The dotted line shows the dental follicle. (B) E12.5 Msx1
null mutant mandibular explants show the tooth germ retarded at the bud stage after 7 days in culture. (C) E12.5 Msx1 null mutant mandibular explants treated
with p19INK4d antisense ODN rescues tooth development to the cap stage with the formation of dental follicle (dotted line). (D) E12.5 Msx1 null mutant
mandibular explants treated with p19INK4d sense ODN fail to rescue the retarded bud stage tooth germ. (E–G) Cell proliferation analysis using BrdU staining
(red dots). (E) Normal mitotic activity is observed in both the dental epithelium (e) and mesenchyme (*) in the cultured wild type explant. (F) In the cultured
Msx1 null mutant explant, there is a significant reduction (P  0.05) in cell mitotic activity within the dental mesenchyme (*), while normal cell proliferation
is detected in the dental epithelium (e). The dotted line shows the dental epithelium. (G) Attenuation of p19INK4d in the context of Msx1 deficiency restores
cell mitotic activity in the CNC-derived dental mesenchyme (*). (H) Attenuation of p21 in wild type mandibular explants does not appear to affect tooth
development as compared with the nontreated or sense ODN-treated mandibular explants. (I–K) Attenuation of other CDK inhibitors fails to rescue tooth
development to the cap stage in Msxl null mutant explants. Tooth development remains retarded at the bud stage in p130 (I), p21 (J), and p18 (K) antisense
ODN-treated Msx1/ mandibular explants. Western analysis: p19INK4d antisense (AS) oligodeoxynucleotide significantly attenuates its expression in E12.5
mandibular explants cultured for seven days in serumless, chemically defined medium, while p19INK4d sense (SEN) oligodeoxynucleotide does not affect
endogenous p19 expression within mandibular explants. -Actin expression serves as internal control.
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exclusively associated with the CNC-derived dental mesen-
chyme at the bud and cap stage, while Msx2 is only present
within the dental epithelium (MacKenzie et al.,
1991a,1991b, 1992). Therefore, Msx2 may not compensate
for the loss of Msx1 function during tooth development in
Msx1 mutant embryos. Taken together, the specific expres-
sion pattern of Msx1 and the tooth development defect
associated with the Msx1 null mutation underscore the crit-
ical function of Msx1 in regulating the fate of the CNC-
derived dental mesenchyme during tooth morphogenesis.
Msx1 regulates the fate of CNC by controlling cell cycle
progression
The expression of Msx1 significantly overlaps with
p19INK4d. This CDK inhibitor usually acts as a critical reg-
ulator for G1-phase progression, thus controlling the proper
proliferation and differentiation of progenitor cell popula-
tions (Zindy et al., 1997). There are four members in the
INK family of CDK inhibitors, of which only p18INK4c and
p19INK4d are expressed during embryonic development and
have critical roles in regulating progenitor cell terminal
differentiation (Morse et al., 1997; Zindy et al., 1997, 2001;
Phelps et al., 1998; Sherr and Roberts, 1999). The most
recognized function of CDK inhibitors is to prevent the
cyclin D-CDK complex mediated phosphorylation of Rb
protein (Fig. 8) during the mid-G1 phase and to block the
mitogen-dependent G1-to-S phase transition during mam-
malian cell proliferation (Weinberg 1995; Sherr 1996; Taya
1997; Sherr and Roberts 1999). Our study shows that the
Msx1 homeobox gene inhibits p19INK4d expression during
tooth formation (Fig. 8). In Msx1 null mutants, elevated
p19INK4d activity significantly inhibits the phosphorylation
of Rb protein in the CNC-derived dental mesenchyme.
Hypophosphorylation of Rb protein prevents the activation
of the cell cycle gene and the G1-to-S phase transition, thus
inhibiting cell proliferation in the CNC-derived dental mes-
enchyme of Msx1 null mutants. The supportive evidence
includes that there is a significant reduction of cyclin A
expression, which is specifically associated with the S/G2
phase of the cell cycle, thus indicating a block in S phase
entry by these CNC-derived progenitor cells.
Significant elevation of p130 is also evident within the
CNC-derived dental mesenchyme in the Msx1 null mutant.
Interestingly, p130 is predominately found in progenitor
cells in growth arrest or entering terminal differentiation
(Smith et al., 1996). It is able to induce neuronal lineage
specification and differentiation in neural crest stem cells.
p130 also serves as a required factor throughout the full
neural maturation process (Jori et al., 2001). In addition, the
expression of Neurogeninl is evident in the CNC-derived
dental mesenchyme of Msx1 null mutant embryos. Interest-
ingly, Delta/Notch signaling represses Neurogeninl function
and is correlated with cytodifferentiation during odontogen-
esis (Mitsiadis et al., 1998; Cornell and Eisen, 2002). Spe-
cifically, Notch1 inhibits the expression of Neurogenin1,
Fig. 8. Schematic drawing of Msx1-mediated p19INK4d expression in regulating the progression of cell cycle during the fate determination of CNC-derived
dental mesenchymal cells. In the wild type, Msx1 inhibits p19INK4d expression and facilitates the formation of the cyclinD/CDK complex and the
phosphorylation of Rb protein, thus permitting the cell cycle transcription factor E2F to regulate the expression of cell cycle genes and the progression of
the cell cycle. In the absence of Msx1, excessive p19INK4d prevents formation of the cyclinD/CDK complex and the phosphorylation of Rb proteins, thus
blocking the progression of the cell cycle. Consequently, the CNC-derived dental mesenchyme fails to proliferate and misdifferentiates into a possible
neuronal fate, instead of forming preodontoblasts as in the wild type embryos. Importantly, there is yet evidence to suggest that the effect of Msx1 on p19INK4d
is cell-intrinsic and direct. It is conceivable that Msx1 indirectly regulates the expression of p19INK4d to control the proper progression of the CNC cell cycle
during embryogenesis.
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thus preventing the CNC-derived dental mesenchyme from
entering a neuronal fate. In Msx1 null mutants, however,
lack of Notch1 expression in the dental mesenchyme (un-
published data) permits the expression of Neurogenin1.
Collectively, elevated p130 expression, coupled with prop-
erties consistent with proneuronal fate in the CNC-derived
dental mesenchyme, strongly suggests that CNC cells might
have misdifferentiated into a possible neuronal path, likely
through a default mechanism, in Msx1 null mutant embryos.
Previous studies have implicated Msx1 in the mainte-
nance of pluripotent cells in the undifferentiated state and
that alteration of Msx1 expression mediated by growth fac-
tor signaling promotes terminal differentiation (Bei et al.,
2000; Hu et al., 2001). For example, Msx1 expression de-
marcates the boundary between the undifferentiated (Msx1
expressing) and differentiated (nonexpressing) cells during
limb development (Hill et al., 1989; Robert et al., 1989).
Limb amputation through the region of Msx1 expression
results in regeneration and normal digit formation in devel-
oping mice, indicating that Msx1 can enhance the cellular
plasticity during organogenesis (Reginelli et al., 1995;
Odelberg et al., 2000). At the cellular level, Msx1 maintains
progenitors in a proliferative state by blocking their exit
from the cell cycle, consequently inhibiting cellular differ-
entiation, while aberrant Msx1 expression is associated with
a proliferation defect and cellular transformation (Bei et al.,
2000; Odelberg et al., 2000; Hu et al., 2001; Zhang et al.,
2002). Here, we show that loss of Msx1 leads to a premature
cell cycle exit and possible misdifferentiation of CNC cells,
demonstrating that Msx1-mediated cell cycle regulator ex-
pression is critical for CNC fate determination. Further-
more, we propose a model in which failure of Msx1-medi-
ated p19INK4d expression may be responsible for the
morphological defects associated with the Msx1 null muta-
tion.
Functional significance of Msx1-mediated CDK inhibitor
p19INK4d expression during tooth morphogenesis
In this study, elevated p19INK4d expression is evident in
the CNC-derived dental mesenchyme of Msx1 mutants.
Attenuation of p19INK4d rescues tooth development into the
early cap stage in Msx1 null mutant mandibular explants,
demonstrating the functional significance of Msx1 ho-
meobox gene-mediated CDK inhibitor activity in control-
ling the progression of progenitor cell cycle during organo-
genesis. Specifically, attenuation of p19INK4d helps to
restore proliferation in the dental mesenchyme, thus gener-
ating a sufficient number of cells to form a well-condensed
dental mesenchyme and thereby to stimulate the dental
epithelium to the early cap stage in Msx1 mutants.
A well-condensed dental mesenchyme is critical for
tooth morphogenesis because it provides a critical cell mass
which acts upon the dental epithelium to stimulate cell
proliferation and to prevent apoptosis. BMP4 expression is
reduced in the Msx1 null mutant dental mesenchyme (Chen
et al., 1996; Bei et al., 1996). The induction of BMP4
expression requires Msx1, indicating that mesenchymal
BMP4 is likely to function downstream of Msx1. This epi-
static relationship is supported by rescue experiments, in
which tooth development is restored by implanted BMP4
bearing beads in Msx1 null mutant samples (Chen et al.,
1996; Bei et al., 1996, 2000). Interestingly, the CNC-de-
rived dental mesenchyme is not fully rescued by exogenous
BMP in these experiments (Bei et al., 2000; and unpub-
lished data), presumably because of the mesenchymal pro-
liferation defect as a result of elevated CDK inhibitor
p19INK4d expression in Msx1 mutants. In this study, atten-
uation of p19INK4d has clearly restored the mitotic activity in
the dental mesenchyme of Msx1 null mutant samples. How-
ever, we have not been able to detect restored gene expres-
sion that is specifically associated with the enamel knot at
the cap stage of tooth development (such as Shh) in
p19INK4d antisense ODN-treated Msx1/ mandibular ex-
plants. This observation suggests that Msx1-mediated
p19INK4d expression is critical for proper progression of the
dental mesenchyme cell cycle and is likely independent of
the Msx1-mediated BMP4 expression that is responsible for
instructing the dental epithelium for proper tooth morpho-
genesis. Using mandibular explants from Msx1/p19INK4d
double null mutant embryos, we are now testing whether a
BMP-mediated rescue experiment will permit normal tooth
morphogenesis with respect to both the dental epithelium
and mesenchyme.
There is no craniofacial defect in p18INK4c, p19INK4d, or
p18INK4c/p19INK4d loss-of-function mutant mice, possibly
due to compensation by other CDK inhibitors (e.g., cip
family). Functional analysis of p18INK4c and p19INK4d has
shown that aberrant expression of these CDK inhibitors can
affect proper differentiation of progenitor cells and induce
apoptosis (Zindy et al., 2000, 2001). During tooth morpho-
genesis, CDK inhibitor p21 is induced by BMP4 or TGF-
and may be involved in the differentiation and withdrawal
of the enamel knot from the cell cycle (Bloch-Zupan et al.,
1998; Jernvall et al., 1998; Jernvall and Thesleff, 2000). In
this study, however, p21 expression is not affected in the
Msx1 null mutant tooth germ. Attenuation of p21 in
Msx1/ mandibular explants fails to restore mitotic activ-
ity in the dental mesenchyme, while attenuation of p21 in
wild type mandibular explants has no effect on tooth devel-
opment (Fig. 7H). In parallel, tooth development appears to
be normal in the p21 null mutant mice, suggesting a com-
plex and possibly redundant functional nature of CDK in-
hibitors in regulating organogenesis (Deng et al., 1995).
Msx1 has been shown to regulate other cell cycle regu-
latory molecules, such as cyclin D1 and CDK4, to maintain
progenitor cells in an undifferentiated state in cultured cell
lines as well as in mammary epithelium in vivo (Hu et al.,
2001). We examined the expression of cyclin D1 and CDK4
in the CNC-derived dental mesenchyme of Msx1 null mu-
tants and found no difference compared with wild type
samples. Nevertheless, the present study supports the Msx1
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functional model proposed in previous studies that loss of
the Msx gene results in a premature exit of progenitors from
the cell cycle, resulting in decreased proliferation and con-
sequently impaired organogenesis (Satokata et al., 2000; Hu
et al., 2001). Significantly, our study demonstrates that
although Msx1 expression is associated with progenitors
that are restricted to different lineages during embryogene-
sis, the specific regulatory function of Msx1 on CDK in-
hibitor-p19INK4d suggests a possible functional specificity in
regulating the fate of the CNC-derived dental mesenchyme
during tooth morphogenesis. The biological significance of
homeobox gene regulated CDK inhibitor expression is that
it provides an important functional model which links the
molecular signaling network with the fate determination of
progenitor cells through cell cycle regulation during embry-
ogenesis. Finally, it is important to note that there is yet
evidence to support that the effect of Msx1 on p19INK4d is
cell-intrinsic and direct. It is conceivable that Msx1 indi-
rectly regulates the expression of p19INK4d to control the
proper progression of the CNC cell cycle during tooth
development.
In summary, we show a direct link between the biolog-
ical function of the Msx1 homeobox gene and CNC fate
determination. By regulating the expression of cell cycle
regulatory molecules, Msx1 transmits environmental sig-
nals into commands for the cell cycle apparatus. Ultimately,
these progenitor cells are kept within the cell cycle through
continuous cellular proliferation or are instructed to undergo
differentiation to become committed into terminal cell
types. Genetic mutation of the Msx1 gene may alternatively
instruct the fate of these CNC-derived progenitor cells dur-
ing craniofacial development.
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